Abstract-a multipath model for the aeronautical channel, which was derived from a channel measurement campaign, has been implemented into hardware simulators. The way of implementation is described in detail and simulation results obtained with a GNSS receiver and showing the impact of multipath are presented.
INTRODUCTION
Future GNSS signals will have enhanced robustness against disturbances by multipath due to new modulation schemes like BOC modulation, larger bandwidths, and higher chip rates. A quantitative assessment of their performance in a realistic reception environment so far is difficult, because the real Galileo satellite constellation is not available yet, modernised GPS is not yet deployed. However, receivers are already on the market and hardware signal simulators exist, so that realistic hardware simulations offer a cost efficient way to carry out already performance assessment with the new GNSS signals. Hardware simulations provide additionally the advantage that multipath effects can be clearly separated from other effects, and that the simulation scenario can be repeated as often as needed with exactly the same parameters. The drawback is that the multipath models implemented in actual hardware simulators are relatively simple and do not really represent a complex realistic user environment. Also, the number of multipath signals that can be simultaneously simulated is limited by the number of available hardware channels in the simulator. On the other hand a realistic multipath model for an aeronautical environment with relatively low complexity with respect to number of echoes to be simulated is available in software [1] , [2] . Thus, even with a limited number of hardware channels a sufficient number of line-of-sight (LOS) and multipath signals can be simulated simultaneously.
Within the frame of a current ESA study [3] the model has been implemented in the Spirent RF Constellation Simulator (RFCS) and later on in the Galileo Signal Validation Facility (GSVF) RFCS. The implementation uses pre-processed data files which are read during the hardware simulation runs. These pre-processed data files contain time series of amplitude, carrier phase offset and code delay for each LOS and echo received by an airborne antenna. The time series are generated with the aeronautical channel model in a number of presimulations in software.
The model has been implemented in the hardware simulators and simulations with different receivers have been performed for all Galileo frequency bands. The receiver measurement results have been analysed both in an instantaneous way, e.g. time series of measured position versus true position, and in a statistical way, e.g. mean and variance, histograms and cumulative distributions of errors. In this paper selected results for the E5a band which is allocated in the ARNS frequency band for aeronautical navigation will be presented.
II. AERONAUTICAL CHANNEL MODEL
The aeronautical channel model for landing approaches was developed on the results of a measurement campaign carried out at Graz airport [1] and is now part of ITU-R 682-2 [4] . It can be downloaded from [2] . In comparison to other multipath models, the aeronautical multipath model is relatively easy to implement in a hardware simulator, since it generates three echoes per line-of-sight signal (LOS) as observed from the measurements. The model, which can be downloaded as MATLAB code from [2], generates time series of complex amplitudes and delays relative to the LOS for three multipath components:
1. Fuselage refracted component with zero delay 2. Fuselage echo with a fixed delay of 1.5 ns.
Ground reflections with variable delays.
The following figures show time series of the powers in dB of the three multipath components relative to the LOS for a simulated approach. The powers P were computed directly from the complex amplitudes A of the MATLAB output by 10 
log
The work reported in this paper has been performed under ESA contract 21853/2008/F/WE . The views presented in the paper represent solely the opinion of the authors and not necessarily the view of ESA. The mean power of the refracted zero delay component depends on the elevation of the satellites. It is between minus 30dB and minus 59 dB, because it does not include the DCcomponent of -14.2dB, which is described in [1] , [4] . The DCcomponent has constant amplitude and phase for each run of the MATLAB model, which is initialized once and kept constant for each approach and satellite, and therefore just would slightly change amplitude and phase of the satellite LOS signals when it is added to them. In contrast, the DCcomponent of -14.2 dB must be included for the 1.5ns fuselage echo. Thus, the mean power of the fuselage echo is -14.2dB, but its variance increases for satellites with low elevation angles. Since the Doppler bandwidth of this fuselage echo is very narrow and the time variant part of this reflection is well below its DC-component, this echo can be seen as a more or less constant component for each run.
The time series plot in Figure 1 shows that ground reflections do not exist continuously and that their lifetime is only short. Their powers are between -30 and -15 dB, if they exist. No ground reflections are generated by the model for the last 17 seconds of the approach which belong to the aircraft deacceleration phase after touch down.
III. MODEL IMPLEMENTATION

A. Generation of Preprocessed Data Files
For implementation of the aeronautical channel model in the HW-Simulations several steps were necessary. The procedure for implementation in the Spirent Simulator is as follows: 4. Preparation of input parameters for runs of MATLAB Aeronautical Channel Model: Determine start and stop time of each approach, extract azimuth and elevation angles from the Spirent log file for each approach and prepare the input data structure for runs of the aeronautical model.
Run of the aeronautical channel model in
MATLAB with the selected azimuth and elevation angles and selected SV for each approach. The MATLAB implementation of the channel model is defined for one SV and one frequency and one approach. Therefore, a huge number of runs are necessary, which are called by a MATLAB script using input structure created in step 4
6. Generation of user command files and user action files, which contain time series of SIMREMOTE [5] commands for the Spirent simulator defining the multipath amplitudes, code and carrier delays and allocation and switching of HW channels.
7. Execution of hardware simulation with Spirent simulator and connected HW-receiver.
For implementation in the GSVF steps 1 to 5 are identical, i.e. the output files of step 5 were reused. In step 6 specific commands of the GSVF have to be used instead of the SIMREMOTE commands. The user trajectory file for the GSVF was generated by conversion of the motion log file of the Spirent simulator.
B. SIMREMOTE Commands
As written in the previous section, the outputs of the MATLAB simulations with the aeronautical channel models were converted to Spirent SIMREMOTE [5] commands and written to a user action file and a user command file. The following commands were used:
• SWITCH_SAT: Forces LOS of satellites to specific HWchannels or banns satellites, so that they do not occupy HW-channels
• MP_SWITCH: Defines number of multipath signals (MP) for each LOS and forces them to specific HWchannels
• POW_ON: Switches on/off RF-power of specific HWchannels.
• MOD: Modifies power, carrier offset and code offset of MP and LOS signals Some constraints when using these commands have to be considered. The SWITCH_SAT and MP-SWITCH commands must be applied before the MOD commands and must be sent at least 3 seconds before they become effective. If SWITCH_SAT or MP_SWITCH commands are sent in intervals of less than 3 seconds to the same HW-channel they are overwritten and are not applied correctly. There must also be a certain time delay of a few seconds between SWITCH_SAT and MP_SWITCH commands. Therefore the following switching strategy was applied, which forces each LOS and MP components to fixed hardware channels without changing the channels during the whole simulation run:
1. All 27 satellites are banned, so that all HWchannels are free and cannot be automatically be occupied by a new satellite which rises during the simulation run.
2. Only the 6 satellites of interest are switched on and forced to specific HW-channels with the MP-SWITCH command 3. After 15 seconds the MP-channels are defined and forced to specific HW-channels. 8. Steps 5 to 7 are repeated for each approach.
For practical reasons two files were used: The MOD commands describing the multipath are written into a user command file which becomes quite long due to the 25 Hz update rate. All other commands (switching commands) are written into a separate user action file which is short and can easily be edited for control, e.g. specific MP-components can be switched on/off without generating a new user command file.
The MATLAB implementation of the channel model generates time series of complex amplitudes and delays, but the MOD command needs relative power in dB and carrier and code pseudorange offsets in meters. The power can be computed from the complex amplitudes A by with (1) and the code offset from the delay. The carrier phase is computed from the argument of the complex amplitudes. However, for the final carrier pseudorange offset also the signal delay, i.e. the included integer number of wavelengths has to be taken into account in order to keep code carrier coherence.
IV. SIMULATION SCENARIO
A. Aircraft Simulation Scenario
A satellite configuration with 6 SV in the allowed range of elevation and azimuth angles was set up for a 2 h simulation period. Table I lists the input parameters for the MATLAB pre-simulations for generation of the user command and user action files. In order to generate the input parameter for the HWsimulations the MATLAB model was called several times according to the procedure described in section III.A. For each approach azimuth and elevation angles are different, but they are constant for each approach in the MATLAB simulation, while in the final HW-simulations with Spirent the satellites move continuously. Figure 4 shows the sky plot taken from the Spirent GUI at the end of the 2h simulation period. 
B. Common Scenario Parameters
The following parameters were common in the Spirent simulation scenario: Figure 6 shows the hardware simulation set-up with DLR's Spirent simulator. Central parts of the simulator are two Spirent constellation simulators (box 1 and box 2). Each box can simulate 12 channels on two frequencies, e.g. 12 E1 plus 12 E5 channels, but the combined output of box 1 supports only L1 (E1) and L2 RF-frequencies and the combined output of box 2 only L1(E1) and E5 frequencies. However, also box 1 can be configured for Galileo E1, E5 or E6 and the signals are accessible on the correct RF frequencies at the individual outputs of special RF-upconverters. The signals of these individual outputs and, finally, the signals of the two branches from box 1 and box 2 are combined and fed to the RF-input of the receiver. The RF-power of the individual outputs is about 50 dB higher than that of the combined outputs. Therefore, a 40 dB LNA was inserted in the branch coming from box 2. The noise and output power was tuned with help of the variable attenuators A1 and A2, so that finally the C/N 0 estimated by the receiver of all LOS-signals with MP channels switched off was approximately 45 dBHz. Simulator and receiver clock were synchronized by an external 10 MHz reference taken from an H-Maser.
A delay offset of 3.3 m was measured between the combined and individual outputs. This offset had to be corrected for the measured pseudoranges of individual satellites in the signal analysis by post-processing. However, LOS and corresponding multipath channels for the individual satellites were always forced to the adjacent channels of the same Spirent box and the same kind of outputs, so that the offset did not appear between LOS and corresponding MP signals.
The simulation setup with ESA's Spirent and the GSVF was simpler, because here 16 channels for each frequency were available at combined outputs. However, also there the simulators and receivers were connected to an external 10 MHz H-Maser reference and the signals were amplified by an LNA or an active power splitter to which two or three receivers could be connected in parallel.
VI. SIMULATION RESULTS
The following figures show results from HW simulations with the IfEN NavX RPS Receiver for the E5a I component. The complete scenario with 10 approaches was executed two times: first as reference without MP and the second time with MP switched on (only) during the approach phases. During both runs the Spirent simulator and the receiver were connected to an external clock reference signal generated by an H-Maser. The receiver logged the signals with 1 sec sampling rate at each full Galileo second. Latencies between receiver log data and Spirent truth data had been corrected in postprocessing. The yellow bars mark the times of approach phases. Multipath was applied only during the marked approach phases. With exception of PRN 3 after approach 8 the mean difference between both runs is 0 for non approach phases and differs from 0 for the approach phases due to MP. The maximum difference is about +/-2 dB, i.e. the C/N 0 can be both reduced and increased by the MP.
B. Pseudorange Error
The following two figures show the pseudorange error without and with MP. The pseudorange error was in both cases calculated as the difference between receiver measurement and Spirent truth data. It can be seen that the pseudorange error increases during the approach phases with MP. However, the change is in the decimeter range. The pseudorange error due to MP behaves more like a bias rather than a random error (compare discussion of fuselage echo on page 2) The bias character of the multipath is also visible in Figure  11 , where the differences of standard deviations (STD) and means of the pseudorange errors and the maximum differences of the pseudorange errors with and without MP are plotted. (Some spikes visible in the previous figures, which are not due to multipath, have been removed here). The differences between the STDs are one order smaller than the difference between the means. Figure 12 shows the distributions of the pseudorange error with and without MP taken from all satellites and approaches together. The spread of the error with MP is slightly more, but the mean is in both cases zero. The RMS errors are 0.15m and 0.11m, respectively. The distribution of the differences is centered near at zero at 5cm, while maximum differences are around +/-30 cm.
C. Carrier Phase Measurements and Doppler
No influence of the multipath is visible in Figure 13 , which shows the Doppler error with multipath. The statistical analysis showed that differences of mean errors and standard deviations between measurements with and without multipath are below 0.5 Hz. Also the effect of multipath on the carrier measurements is very small as the comparison between Figure 14 and Figure 15 shows. With multipath a small difference (bias) between approach phases with MP and flight phases without MP is visible. However it is only about 1cm.
D. Position and clock error
The effect of multipath on the position error is presented in the next figures. The first two of them show the absolute position error and its components in latitude, longitude and vertical direction without and with multipath. The flight direction was in longitude direction. The position solution was obtained offline in post-processing with 4 selected satellites (PRNs 1, 2, 3 and 10). The GDOP increased from 5.2 to 5.9 from the first to the last approach. For better visibility the absolute position error is shifted by plus 1m and the vertical error by minus 1m. It can be seen that the multipath effect is small in the latitude direction (perpendicular to the fight direction) and that the multipath effects on the longitudinal and vertical component partly compensate each other in the position absolute error. Figure 18 shows the x, y and z error components in the ECEF coordinate system and the clock error converted to m by multiplication with the speed of light. The pseudoranges were already corrected for the receiver clock bias, before they were input to the position solver. Thus, the clock error of the position solver is the difference to the clock bias already calculated before. Clock error and x-and z-component position error behave similar. By comparison with Figure 17 it can be seen they behave also similar as the vertical error. The differences of the means and standard deviation of the absolute position error for the single approaches, which are presented in Figure 19 , are less than 0.1 m for the standard deviations and between 0.02 and 0.2 m for the means. The small differences between multipath and non multipath conditions are also evident in the cumulative error distributions of all approaches together. The error without MP is smaller than 0.7m and with MP smaller than 0.8m for 95% of cases. The differences of the instantaneous errors with and without MP compared for the same time samples are smaller than 0.5m for 95% of cases. 
VII. CONCLUSIONS
Simulations with the aeronautical channel model show that the impact of multipath is relatively low for the aeronautical channel. This can already be expected from the low echo amplitudes which are generated by the SW model, where the dominant component with the highest relative echo power of -14.2 dB is the fuselage echo with a constant delay of 1.5ns, while the relative powers of the zero delay component and Results of a first analysis for L1 not shown in this paper look qualitatively and quantitatively similar.
